Perovskite-type La(Ti,Nb)(O,N) 3 powders with different Ti and Nb content were synthesized by a thermal ammonolysis of oxide precursors prepared via a soft chemistry route. By X-ray diffraction (XRD), a gradual increase of the unit cell volume was observed with increasing niobium content. The crystallite size calculated with the Scherrer equation displayed a minimum of about 30 nm at the intermediate composition. Scanning electron microscopy (SEM) showed morphological changes of the microstructure with increasing niobium content. Thermal re-oxidation studies with thermogravimetric analysis (TGA) revealed that a different amount of nitrogen was substituted into the La(Ti,Nb)(O,N) 3 lattice. UV-visible diffuse reflectance spectroscopy (UV-vis DRS) showed that absorption edge wavelengths of the oxynitrides were in the range of 612 nm -744 nm, corresponding to the bandgap energy of 2.02 eV -1.67 eV. Among all La(Ti,Nb)(O,N) 3 , LaTiO 2 N showed the highest photocatalytic activity for water oxidation. One of the determining factors for the photocatalytic water oxidation with La(Ti,Nb)(O,N) 3 was found to be the defects concentration.
Synthesis and characterization of La(Ti,Nb)(O,N) 3 
Introduction
Solar energy is a promising renewable energy source and can be stored in the form of fuels/chemical potential [1] [2] [3] . Since Fujishima and Honda [4] reported TiO 2 -assisted photo-electrochemical (PEC) hydrogen production from water in the early 1970s, various concepts of PEC cells have been designed for the efficient utilization of solar energy [5] [6] [7] . TiO 2 has been one of the most common candidates for photocatalysis [8] and photoelectrode in PEC cell [4] because of its stability and cost. However due to its large bandgap energy (~ 3 eV), TiO 2 can utilize only the UV part of the solar spectrum. Thus, one of the key challenges is to use the maximum capacity of the solar spectrum in order to achieve high efficiency for the conversion of solar energy into hydrogen. Despite decades of investigation on PEC water splitting, no single material with an acceptable performance, stability and costs has been found up to now. Alternatively, oxynitrides have been investigated as promising new materials for enhanced utilization of the visible light [9, 10] . The valence band of oxynitrides is formed by hybridized O-N 2p orbitals and thereby nitrogen incorporation in the oxide lattice narrows the bandgap into the visible light region. Some of the oxynitrides have been demonstrated to act as a water oxidation photocatalyst under visible light irradiation [11, 12] .
Different perovskite-type oxynitrides have been successfully synthesized and their crystal structure, microstructure, thermal stability and physical properties have been investigated [13] [14] [15] [16] [17] . Lanthanum titanium oxynitride (LaTiO 2 N) has shown promising photocatalytic and photoelectrochemical water splitting properties under visible light irradiation for water splitting [9, 18] . Logvinovich et al. [16] successfully synthesize lanthanum niobium oxynitride (LaNbON 2 ) by flux-assisted thermal ammonolysis of LaNbO 4 . In this study, different compositions of perovskite-type oxynitride La(Ti,Nb)(O,N) 3 were synthesized and the changes of crystal structure and microstructure were investigated. The substitution of Ti 4+ with Nb 5+ was expected to control the nitrogen content in the anionic lattice, which in turn would influence the bandgap energy and the photocatalytic water oxidation properties.
Experimental Procedures
A series of five different compositions of perovskite-type La(Ti 1-x Nb x )(O,N) 3 (x = 0, 0.2, 0.5, 0.8, 1.0) powders were synthesized via a soft chemistry route with subsequent nitrogen incorporation by thermal ammonolysis. La(NO 3 ) 3 ·6H 2 O (Merck, > 99 %), NbCl 5 (Aldrich, 99 %), titanium isopropoxide (Aldrich, 97 %) and citric acid (CA, Alfa, >99 %) were used as starting compounds. The molar ratio of the cations (lanthanum, titanium and niobium) and CA was according to La/Ti/Nb/CA = 1/1-x/x/3, where the value of x was changed to obtain the desired substitution levels. First, NbCl 5 and titanium isopropoxide were dissolved in absolute ethanol (200 mL). A designated amount of CA was added to the solution under vigorous stirring. After complete dissolution of CA, La(NO 3 ) 3 ·6H 2 O (0.03 mol) was added. The solution was stirred under refluxing conditions at 80 °C and maintained for 2 h to promote the formation of metal-citrate complexes. Thereafter, the obtained solution was dried, precalcined at 250 °C for 12 h to decompose the organics and again calcined at 1100 °C for 9 h with the heating rate of 10 °C/min resulting in white oxide powders. The ammonolysis reaction was performed in a cavity reactor where the oxide precursors were transformed into oxynitrides. About 3 g of the oxide powder was heated under a NH 3 flow (Messer, 99.98 %) of 200 mL/min until reaching the reaction temperature of 950 °C. The reaction was completed after 24 h and subsequently, the oxynitride samples were quenched to room temperature under flowing NH 3 . In order to enhance the kinetics of thermal ammonolysis, for La(Ti 1-x Nb x )(O,N) 3 (x = 0.5, 0.8, 1.0), oxide powders were mixed with potassium chloride (KCl) as a low-melting mineralizer in a molar ratio of 3(flux):1(oxide). KCl acted as flux to enhance the phase formation into the oxynitride. When the mineralizer KCl was used, it was washed out with deionized water after ammonolysis to eliminate all traces of KCl.
Powder X-ray diffraction (PXRD) patterns were obtained using a PANalytical X´Pert PRO -2 scan system equipped with a Johansson monochromator and a X'Celerator linear detector. The incident X-rays had a wavelength of 1.5406 Å (Cu-K 1 ). The diffraction patterns were scanned from 20˚ to 80˚ (2 ) with an angular step interval of 0.0167˚. XRD patterns were analyzed by the Le Bail method [19] inbuilt in the Rietveld refinement program, Fullprof [20] to determine the lattice parameters. The Thompson-Cox-Hastings pseudo-Voigt function was chosen as profile function in the Fullprof program. To calculate the crystallite size, the Scherrer equation was used. The instrumental contribution for peak broadening was estimated with the measurement of the standard reference sample CeO 2 (NIST SRM674b). Microstructural studies were performed using a LEO JSM-6300F scanning electron microscope (SEM). The Brunauer-Emmett-Teller (BET) surface areas were measured by N 2 adsorption at the temperature of liquid nitrogen. Thermal re-oxidation study with thermogravimetric analysis (TGA) was carried out with a NETZSCH STA 409 CD thermobalance. Around 50 mg of the oxynitride powders were heated in an aluminia crucible with the heating rate of 10 °C/min until 1500 °C in synthetic air (50 mL/min). UV-visible diffuse reflectance spectra were collected with a UV-3600 Shimadzu UV-VIS NIR spectrophotometer with an integrating sphere over a spectral range of 300 -900 nm. Further evaluation of the bandgap was carried out applying KubelkaMunk function and the bandgap was estimated from the onset of the absorption spectrum. Photocatalytic reactions were performed in a closed gas circulation system using a halogen lamp (150 W) as a light source. 0.1 g of the oxynitride and 0.2 g of La 2 O 3 powder were dispersed in an aqueous AgNO 3 solution (0.01M, 250 mL). La 2 O 3 was used as a buffer to maintain the pH of the solution at around 8 during the reaction [9] and the Ag + ions were employed as sacrificial electron acceptors for O 2 evolution. Fig. 1 shows the X-ray diffraction (XRD) patterns of the La(Ti 1-x Nb x )(O,N) 3 powders. The majority of the reflections were assigned to perovskite-type La(Ti,Nb)(O,N) 3 . A minor secondary phase of NbN (JCPDS Nr. 88-2404) was detected for La(Ti 1-x Nb x )(O,N) 3 (x = 0.5, 0.8, 1.0) which would be produced by over-nitridation of the precursor oxides due to the usage of mineralizer KCl. An enlargement of the unit cell parameters with increasing niobium content (ionic radii r(Ti 4+ ) = 0.61 Å and r(Nb 5+ ) = 0.64 Å) was observed as a shift of the peak position of the reflections towards lower 2 angles. The structural refinements by the Le Bail method revealed that the volume of the unit cell indeed increases with increasing Nb content ( Fig. 2(a) ). The crystallite sizes were calculated with the Scherrer equation using the most intensive peak located around 32° in 2 . The calculated crystallite sizes were 46 nm for LaTiO 2 N and 52 nm for LaNbON 2 , while the crystal size was reduce to 30 nm for La(Ti 0.5 Nb 0.5 )(O,N) 3 as shown in Fig. 2(b) . (O,N) 3 . The evolution of the SSA seems to follow the same tendency as the calculated average crystallite size in reciprocal relationship. Thermal re-oxidation studies were carried out to observe the thermal stability of oxynitrides and to quantify the nitrogen content. Fig. 5 illustrates the weight gain and loss upon heating of the oxynitride powders in synthetic air. All samples were thermally stable at least until around 200 °C. Above this temperature, the uptake of oxygen leads to a sharp mass increase and the mass loss attributed to the release of nitrogen is observed between 800 -1000 °C [21] . With increasing Nb content, the onset temperature of the oxygen uptake was gradually decreased. The amount of nitrogen in oxynitrides was evaluated from the weight gain m (the mass change of an oxynitride upon complete oxidation) measured during the experiment. With increasing niobium content an gradual increase of the nitrogen content was observed for all the samples, except for La(Ti 0.5 Nb 0.5 )(O,N) 3 . It is not yet clear why La(Ti 0.5 Nb 0.5 )(O,N) 3 possesses the lowest amount of nitrogen and thus that remains to be elucidated. Fig. 6 shows UV-visible diffuse reflectance spectra of the oxynitrides as a function of the wavelength. Noticeable variation in the absorption edge was observed when the different amounts of niobium and nitrogen were cosubstituted into the La(Ti,Nb)(O,N) 3 lattice. Absorption edge wavelengths of these oxynitrides were at 612 -744 nm, corresponding to the bandgap of 2.02 -1.67 eV, which shows marginal differences to previous reports on LaTiO 2 N (2.10 eV) [9] and LaNbON 2 (1.71 eV) [16] . Furthermore, it should be stressed that the background level at longer wavelengths above the absorption edge was increased with the increase of the niobium content, indicating an enhanced generation of the defects [9, 22] . In other words, LaTiO 2 N had the lowest concentration of defects among all La(Ti,Nb)(O,N) 3 . The dependence of the oxygen evolution rate as a function of the niobium content is shown in Fig. 7 . The highest oxygen evolution rate of 11 umol/h was obtained with LaTiO 2 N and the O 2 evolution rate was drastically decreased to be negligible with increasing niobium content. This result could be explained on the basis of the concentration of defects that act as recombination centers for photogenerated electrons and holes [22] , because La(Ti,Nb)(O,N) 3 powders possessed considerable amounts of defects when Ti was substituted by Nb, as was evident from the background absorption shown in Fig. 6 . Furthermore, the small bandgap of compounds would have relatively insufficient overpotential for the surface chemical reactions of O 2 evolution to occur [23] . With higher Nb content in La(Ti 1-x Nb x )(O,N) 3 ( x > 0.5) a small bandgap was indeed observed, which plausibly hinder the photocatalytic reaction on the surface of oxynitride. Therefore, to produce better oxynitride as a promising candidate material for photocatalytic and photoelectrochemical applications, it is necessary to minimize the concentration of the defects while preserving the crystalline phases with substantial surface area. 
Results and Discussion

Summary
Different compositions of perovskite-type La(Ti 1-x Nb x )(O,N) 3 were synthesized by thermal ammonolysis of oxide precursors prepared by a soft chemistry route. The enlargement of the unit cell parameters with increasing niobium content was confirmed by XRD and SEM images showed morphology changes as well. For intermediate composition La(Ti 0.5 Nb 0.5 )(O,N) 3, calculated crystal size was minimum and the specific surface area maximum among all La(Ti 1-x Nb x )(O,N) 3 . UV-visible diffuse reflectance spectra showed the bandgap in the range of 2.02 eV 1.67 eV for La(Ti 1-x Nb x )(O,N) 3 . LaTiO 2 N showed the highest photocatalytic activity for water oxidation with minimized concentration of the defects. One of the determining factors for the photocatalytic water oxidation of La(Ti 1-x Nb x )(O,N) 3 was highly related to the defects concentration of the oxynitride.
